Progressive Collapse of MultiStorey Buildings
dueto SuddenColumn Lossi Part I:
Simplified AssessmenEramework

B.A. Izzuddin®, A.G. Vlassi$, A.Y. Elghazouli®, D.A. Nethercof

ABSTRACT

This paper proposes a nov@mplified framework for progressive #apse assessment of
multi-storey buildings, considering sudden colulbssas a design scenaridhe proposed
framework offers a practical means for assessing structural robustness at various levels of
structural idealisation, and importantly it takes ttiebate on the factors influencing
robustness away from the generalities towards the quantifidbieajor feature of the new
approach is its ability to accommodate simplified as well as detailed models of the nonlinear
structural response, with the addital benefit of allowingincremental assessment over
successive levels of structural idealisatidinree main stages ardilised in the proposed
assessment framework, includitige determination of the nonlinear static response, dynamic
assessmentising anovel simplified approachand ductility assessmentThe conceptual

clarity of the proposed framework sheds considerable light on the adequacy of commonly
advocated measures and indicators of structural robustness, culminating in the proposal of a
single rational measure of robustneisat is applicable tobuilding structures subject to
sudden column lossThe companion papeatetails the application of the new approach to
progressive collapse assessment of real -ft@eled composite muistorey buildings
making in the process important conclusions on the inherent robustness of such structures and

the adequacy of current design provisions.
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1. INTRODUCTION

The events of 11 September 2001 have refocused the efforts of the structural engineering
community towards understanding the causes of progressive caltapséding structures,
seekingultimatelythe establishm of rational methods for the assessment amgancement

of structural robustnessder extreme accidental everdsier the past three decaddw UK

Building Regulationd! has ledwith requirements forthe avoidance offisproportionate
collapse, whichwere formulated in the aftermath of the 1968 Ronan Point collagséd
whichremainlargelyunchanged until the present dayeserequirementswhicharerefined

in materialspecific design codege.g. BS595¢? for structural ste@lork), can be broken

down into i) prescriptive dying forced provisions which are deemed sufficient for the
avoidance of disproportionate coll apse, i)
only be considered ift he tying force requirements coul
el ement 6 pr ovmembeosmhese aopondl ereodalatises damage exceeding

prescribed limits.

It has been recognised that major shortcomin§ the current requiremertg are the
prescriptive nature of the tying force requirements, deemed sufficient for the avoidance of
disproportionate collapse yet unrelated to real structural performancehemxclusion of
ductility consideratiord at all levels of the provisions. Indedtig tying forcerequirements

are intended to provide resistance to gravity loading by means of catenary gobion
removal of avertical memberyet the associatedudtility demands for specific structural
forms can be unrealistically largghusrendering the provisions uns&feOn the other hand,

the alternative notional member removal provisions are more performance based, but these
are applied with conventional design checsd hence theignore the beneficial effects of

such nonlinear phenomena@amnpressive arching amétenary action This is turn can lead

to the prediction of an unrealistically large damage area exceedinmeberibed limit<!,

thus forcing the member to be designed as a key element when this may be unnecessary. A
side issue, yet an important one, is i current requiremertsallow a substantlamount

of local damage due to notional member removal, but they give no guidance on the



consideration of debris resulting from such damage and its impact on other areas of the

building, when thiscould potentiallylead to progressive collapséthe strature.

A further significant shortcoming of the notional member removal provisinis the
assumption of a static structural response, when the failureertical membersunder
extreme events, such as blast and impact,hglaly dynamic phenomenoim this respect,

sudden column loss represents a more appropriate design scenario, which includes the
dynamic influencegset is eveniindependentAlthough such a scenario is not identical in
dynamic effecto column damageesuting fromimpact or blastit does capture the influence

of column failure occurring over a relatively short duration to the response time of the
structure. It can also be considered as a standard dynamic test of structural robustness, and
may even bappled to variousotherextreme dynamic events via calibrated design factors.

is therefore unsurprising thaudden column losis used as the principdkesignscenario in

thetwo mostrecent guidelinés® produced in the USA for progressive collapse mitigation.

In this paper, a simplified approach is proposed for progressive collapse assessmert of multi
storey building structures considering sudden column loss as a design scenario, which offers
for the first time a quantitative framework for the consideration of such important issues as
ductility, redundancyand energy absorption. The simplicity of the proposed framework is
such that it can be directly applied in design practioeimportantly t moves the discussion

of structural robustnessway from the generalitieso the quantifiablewith all the benefits

that this bring for understanding and design

2. MULTI -LEVEL ASSESSMENT FRAMEWORK

When a multistorey building is subjected to sudden colutogss the ensuingstructural
responseis dynamic, typically characterised by significant geometric and material
nonlineariy. For steelframed buildingemployingsimple or partiaktrength connectionshe
sudden loss of a column (Fit) invariady leads to a considerable concentration of
deformatiors in the connections within the floorabové”, assuming that the remaining
columns can take the redistributed gravity loBde failure of thesfloors on he lower parts

of the structure, hence thmitiation of progressive collapsas largely determined by the



deformation demargdon the connections at the maximum dynamic response in relation to
their ductility supply.This mode of failure defines limit statewhich formsherethe basidor

guantifying therobustnessf multi-storey buildingsinder sudden column lossenarios

The above limit statés evaluated by establishinge maximum dynamic response under
gravity loadingfollowing sudden column removal, amdnsidering wetherthe connections
have sufficient ductility supplyo withstand theassociateddemands Although the most
accurate approach to establish the former is through nonlinear dyrisuitéc element
analysis, a more practical approach is proposed here wdgcilires onlythe nonlinear static
responsewith dynamic effects evaluated asimplified yet accuratesnanner Accordingly,

the proposed assessment framework utilises threestages
I) nonlinear static responsef the damaged structure under gravitgding

ii) smplified dynamic assessmeiat establish the maximum dynamic response under

sudden column lossnd,
iii) ductility assessmemtf the connections

The proposed assessment framework may be applidte aiverall structural level (Fid.)
and, importany, at varioussubstructuralevels (Fig.2), according tahe required modelling
detail and the feasibility of modekduction In this respect, wly the evaluation otthe
nonlinear static response &fected with the remaining two stagegmaining largely
independent of the level of structural idealisatiév. the first level of modelreduction
consideratiormay be given to thaffected bay of the muistorey buildingonly (Fig. 2a)
with appropriate boundary conditions to represent the interactitim tive surrounding
structure Providedthe surrounding columns caasistthe redistributed loadurther model
reduction may consider only the floors above the lost columhere deformationis
concentrated (Fig. 2b)f additionallythe affected floorsra identical in terms of structure
and loading,the axial forcein the columns immediatelgbove the lost columibbecomes
negligible, and areducedmodel consisting of a single floor system may be considered

(Fig. 2c). Finally, ignoring planar effects withi the floor slab, individual steel/composite



beams may be considered at the lowest level of model reduction (Fig. 2d), subject to

appropriate proportions of the gravioad.

Even if the relevant conditions of model reduction do not aggwyificant benéts can still

arise from considering the nonlinear static response at the lower levels of structural
idealisation, since th may be usedlirectly to obtain the response at higher levels. For
example, the beam modelsthe lowest levadf idealisationFig. 2d) canbe used t@stablish

the response of a grillage representation of the floor system at the higher lev@cjFig.
avoiding the need to apportion the gravity load between the beams. Similarly, the individual
floor models (Fig. 2c) can be useddssemble the response of the system of affected floors

(Fig. 2b)when these ardifferent in terms of structure or loading.

The proposed assessment framework is deterministiolving the determination of whether
the floors above the removed column fhile to excessive dynamic ductility demands. In this
context,different column removal scenariogybe considered as separate load cases, similar
to conventional structural assessment under tyjoealing (e.g. gravity, wind)Furthermore,
depending orthe regularity of the building structure, it may be possible to operate at the
lower levels of idealisatiofFig. 2),in which caseéhe number of column removal scenarios
can be significantly reducedHowever, unlike typical loads where the main source of
uncertainty is related to intensignd isreflectedin appropriate design load factotbere is

no intensityrelated uncertainty in sudden column remofRather, spatial uncertainty plays a
greater role, in the sense that, for example, a ground floggheeal column has a greater
probability of failure due to an external blast than an internal colomtine upper floors.
This type of uncertainty is not easily reflected in terms of a design fdbtargh it maybe
addressed withinraoverall probabilisic methodologl, using for its deterministic engine

the progressive collapsssessmemhethodproposed here.

The three stages of the proposed rrelkel assessment framework gmesentedn the next
sections, followed byhe identification ofan appropriate measufer building robustness in

relation to sudden column removal.



3. NONLINEAR STATIC RES PONSE

Considering the structural system depicted in Fig. 3, the sudden removal of the bottom
column (Fig. 3a) isimilar in effectto sudden application of the gravity loa&,§ on the

same structuteparticularly when the structure sustains significant deformations as a result.
This sudden application of gravity loadingads todynamic effects, wheréhe ductility
demands for alleformation stateup to the maximum dynamic response (Fig.)3must be

met in orderto avoid failure.A simplifying feature of the proposddameworkis that the
maximumdynamic response can be estimated with reasonable accuvatyhe nonlinear

static response under amplified gravity loadingy B,), as illustrated in Fig. 3cthus
removing he need fordetailednonlinear dynamic analysis. Thizars some similarity to
simplified equivalent singlelegreeof-freedom (SDOF) models for extreme dynamic loading
(e.g. blash, where the deformation modes under static loading are used as a basis for
estimating the dynamic respofs8. Therefore the nonlinar static response of the structure,
excluding the lost column, is required under gravity loading that is varied according to a

scaling factor P=IR)), where a typical response is shoinrfig. 4.

3.1. Detailed Models
Detailed modelling ofthe nonlinear static response cancbesideredat the variousevels of
structural idealisation (Fig. 2and this typically involves the use of adead nonlinear finite

elements.

On the beam level (Fig. 2d), detailed modelling allows for geometric raaterial
nonlinearity typically through the use of elagtilastic beantolumn elements!, and
considers the nonlinear connection responsest effectively usinga componertbased
method similar to that introduced in EC¥. Detailed modelling on this level has the
additional benefit of enabling the realistiepresentatiorof composite action between the

steel beam and the floor slab, including the influence of paftidlishear connection.

On the floor system level (Fig. 2c), detailed modelling maintains all the aforementioned
benefits for individual beams, and further enables a realistic treatment afirivemsional

membrane effects within the floor slab. This is typically achieved using eddashell



elements for the slab accounting for geometric and material nonlifEarityhich are

coupled to the beam elements to represent the integrated nonlinear floor ré8ponse

At the higherlevels of structural idealisatiorFig.1, Figs. 2ab), detailed modellingf the
nonlinear static responsgain maintains the benefits discussed for the lower levels, further
providing a realistic representation of the interactions between adjacensteumsy his may

be necessarfor irregular building structuresand even for regulaouildings with a small
number of bays at the boundaries of the damaged bay. In the latter case, significant coupling
could arisebetween the boundary forces and resporaethe affected floors, which is

difficult to represent by means of equivalent uncoupled boundary springs.

3.2. Simplified Models

A major benefit of the proposedssessmenframework is that it supports the use of
simplified modes for determiningthe nonlineasstatic response at various levels of structural
idealisation.Simplified and detailednodek may also be combined, whettetailed modelling
would be considered at the lower levels of structural idealisation, for examplecoaoint
accurately for the nomear response afdividual beams or floorand simplified modelling

would beapplied to assemble the nonlinear static response at the higher levels.

3.2.1. Individual beans

Simplified models are inherently approximate but can still offer a realistic represerat

the nonlinear static response of individual be&Rig. 2d), provided important characteristics
suchas the nonlinear connection response and/or tensile catenary action in the presence of
axial restraint are modelled. In this direction, explicit @ifred models weraleveloped by
Izzuddin™® for application in SDOF blast assessment of steel members, aiccpéot
generalised support conditions and catenary actionyramd recently extended tallow for

material ratesensitivity9.

The potential of simplified modelling was recently demonstrated, where explicit expressions
were providel? for the elastic, plastic and tensile catenary stages of a simply segport

beam with axialend restraing (Fig. 5). These expressions assume a midspan plastic hinge



occurring in the steel beam, which is applicable in progressive collapse assessment to a
doublespan beam with a lost internal column, but only wh@n internal bamto-column
connections ar&ll strength For partial strength connectiorensideration must be given to

the elevated centre of rotation of the connection, which can be represented in ténms of
idealised plastic interaction between the axial foac®l moment in the connectioas
illustrated in the insets dfig. 6. TakingM, and F, as the connection plastic moment and
axial force capacities, respectivelgnd assuming the connection to be rigadternative

simplified expressions are obtained
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where, EA and El are the beam axial and flexural rigidities for the beam, kands the

support stiffness, with:
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The responsef the beam with a midspan partial strength connectiomxpsessed bylj,
involves a compressive arching stagfgég. 6), instead ofthe plastic bending stage, the
intensity of which depends on thexial support stiffnessSuch arching action is not
prominent in typical beam design situatiobst it can play an imgrtant role in enhancing
the nonlineabeamresponseaindercolumn loss scenaripas demonstrated in the companion

papel?.

The above simplifiedbeam models are only illustrative, presentedhere principally to

demonstrat the applicability of simplifiedmodellingto geometrically nonlinear phenomena



including tensile catenarynd compressive archiragtiors. At present there is a need for
further developments simplified modelling before it can be applied to progressiviapsé
assessment in practicencluding the realistic representation of the nonlinear response of
variousconnectiortypesas well aszomposite beam$Suchsimplified modelsvould bemore
practicalthan nonlinear finite element modelnd importantly theywould be used more
consistently.However in the absence of sufficientlyersatile simplified models detailed
models based on nonlinear finite elements remain the most effective means for establishing
the large displacement response of individual beanaeed,this is the modelling strategy
adoptedfor the case studin the companion pap@; where detailed modelling is used for
individual beams, buthis is combined withsimplified modelling at the floor level as

discussedhext.

3.2.2. Individual floors

Simplified modelling can be used to obtain the nonlinear static mespof a floor system
(Fig. 2c)by assembling the resposs# individual beams in a grillage approximation. In this
respect, the nonlinear static response ofindezidual beams may be determined from either
detailed or simplified models, as discussed in Seciohand3.2.1, respectivelyRegardless
of the type of model used for an individual beamt(ig nonlinear static responsexpressed
by the (R ,u ;) relationship provides a measuref the energy absorption characteristafs

the beam, with the increment absorled energy ¢U;) obtained as:
dy; =& ug 3

In this expression,a; is a nondimensionalwork-related factor which depends on the
assumed load distribution on the beam (e.g. uniformly distributed, point load), but not on the
load intensity € ), and may dependn the incremental deformation moalethe current level

of loading. For example, dr a point load which directly corresponds t;, and for a
uniformly distributed load wh an incrementgblastic deformabn modeasillustrated in Fig.

5 (top-right inset) the values of; are given by:

el (point load)
a, 3 _ .y (4)
{ 0.5 (uniformly distributed loac




When a beanforms part of a grillage approximatidor a floor system, the actual load
distribution on the beam can be difficult to determine, and it may inbfachangng as the

floor system deforms with the loads redistributing betweenvént®usbeams. However, if

the response of an individual beam @mdnated by a single mode with discrete hinges, as
would bethe casewvhen the floor system is subjected to column loss leading to excessive
deformations, thancremental energ¢dU;) andhence(a; R) becomealmostindependent of

the load distributioron the beamparticularly at large deflectioni this casethe nonlinear
static response of the beam may be obtained using an assumed load distubidiotoes

not have to beccurateeven if there couldvell be some marginal benefftom assunng a

distributionthat isconsistent with rigieplastic collaps@analysisof thewholefloor grillage.

On the basis of a dominant deformation maakeillustrated in Fig.,the response of a floor
system can be easilgssembled from the responses of individual beagnequating the

incremental external work and interddsorbednergy:
aw A\ W S
i

The incremental exteahwork is expressed in terms of the total gravigdsupported by the

floor system and the incremental deformation as:
W =R W (6)

in whicha is dso a workrelatedfactor that depends on the gravity load distribution, where

for uniformly distributed floor lading as shown in Fig. 7:

a =0.25 (uniformly distributed loa (7)

Considering the system compatibility expresasd relationship between the component and

system deformations:

us,i = pus (8)

the combination of3), (5), (6) and @) leads to the overall system response:

P=

Q|

a aw (9)
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This provides a direct relationship between P agpdor the floor systemsince P for each

beamis a function othe correspondingi; that isin turnrelated toug according to §).

3.2.3. Multiple floors

Simplified modelling can also be used to obtain the nonlinear static response of the system of
multiple floors above the failed column (Fig. 2b) by assembling the responsesgivadual

floors, each of which may be determined from either detailed or simplified models, as
discussed in Sectior3.1 and 3.2.2 respectively.Considering a SDOF deformation mode

(Fig. 8) with dentical displacements for all floors at the column position

us,j =u

s (10)

the equivalence of internal and external incremental work can again be used to assemble the

overall response from individual floor doibutions:

P="4 3P (12)

Here, a; is the workrelatedfactor for floor (j), as givenby (7) for uniformly distributed
loading. On the other hand,becomes the overall wotlelated factor for the whole system,

asgiven for the case of uniformly distributed loading on all floors by:

a =0.25 (uniformly distributed loa (12)

It is noted that the values o&(, @, ), on the beam, floor and system levels, respectively,
may be easily obtained for other load distributions from work considerations, as generically

expressed byg).

4. SIMPLIFIED DYNAMIC A SSESSMENT

Under a sudden column loss scenario, a typical building structure exhibits a highly nonlinear
dynamic response, and thus any assessment of ductility demands should consider the
maximum dynamic responseof the structure. In this respect,the DoD provision§
recommend the use of nonlinear dynamic analysis on the damaged structure, though this is

overly complicated for practical application in structurakign. An alternative simplified

11



approach is also allowed by the DoD and GSA gliffesvhich utilises a static assessment
based on a constant dynamic amplification factoy (=) for gravity loadingabove the
damaged columnHowever, his load amplification is only correctfor a linear elastic
responsewith muchsmalleramplification factors of between 1.3 and g&&ablishedor the

nonlinear elastgplastic response.

The emphasis on load amplification in simplified modelling is fraught with difficulties, with
the amplification factor depending on both the level of gravity loading and the nature of the
nonlinear responsén aternative simplified approaffi is insteadutilised where the focus

is ondeterminng the maximum dynamicesponsgthough he corresponding dynamic load
amplification factor ( 4) may also be obtainefl required The essence of this approach is
that sudden column loss is similar in effect to sudden application of the gravity load on the
affected sulstructure particularly when significant deformations are sustained as a result.

the initial stagesof the dynamic response, the gravity load exceeds the static structural
resistance, and the differential work done over the incremental deformations is transformed
into additional kinetic energy, thus leading to increasing velocities. As the deformations
increase, thestatic resistance exceeds the gravity loading, and the differential energy
absorbedaccounts for a reduction in the kinetic energy, thus leading to decreasing velocities.
Considering a response dominated by a single deformation rizelenaxinum dynamic
response iachieved when the kinetic energyreducedbackto zerq and hence when the

work done by the gravity loads becomes identical to the ersdagyrbed byhe structure

The above principle is illustrated in Figs.-Bdor two levels ofsuddenly applied gravity
loading P= |R, P= LRB), where the nonlinear static loadeflection response is
employed to determine the corresponding maximum dynamic displacengntsy ,). In
each caseandwith the assumption of 8DOFmode,the equivalence between external work
and internal energy is obtained when the tlepicted hatchedreas become identicaVith

the availability of the nonlinear static loaeflection response, the level of suddenly applied
gravity loading €, = |,R,) that leads to a specific maximum dynamic displacemegt X is

easily obtained from:

12
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where the integral simply represents the area under the nonlinear §atig ¢Curve for
displacements up tai, . Clearly according to1(4), the level of suddenly applied gravity
loading (P,) causinga specific maximundynamic displacemat (u, ,) is identical tothe

meanstatic resistance over the displacement rdoge, ].

The application of the proposed simplified approach is considerably simplified if the
suddenly appliegravity loading @,) is plotted against the maximum dynamic displacement
(Ug ), leading to & P,u,) curve expressing the maximum nonlinear dynamic response, as
depicted in Fig9c. This is referred to ashe pseudestatic responsesince it can be
assembled using static analysis principesdiscussed later, while expressing the maximum
dynamic response due to suddenly applied loadMith P, representing thactualgravity

load the maximum dynamic displacement can be readily obtained from the pstatido
response atR=R), as illustrated in Fig. 9cand this carrelated to the ductility limit
considering theleformationdemands in the connections, ascdssed in Sectioh A simple
algorithm for constructing the pseudtatic response curve and establishing the maximum

dynamic displacement is provided in Appendix A.

The above simplified dynamic assessment approach, whiehified elsewher€®, provides
clear computational benefits in comparison with detailed nonlinear dynamic analysis, aids in
the understanding of the dynamic response characteristics under suddenlosgiamd can

be easy appliedatthe various levels of structural idealisation as discussed next.

4.1. Multi -level Application
The determination of the nonlinear static response at various levels of structural idealisation
is expressed in terms of a correspondii L) curve, as illustrated in the context of

simplified modelling for individual beams, individual floors and multiple floors in Sections

13



3.2.1, 3.2.2and 3.2.3 respectivelyWhen assessment can be undertaken at a relatively low
level of idealisationsuchas discussed in Secti@the maximum dynamic displacement can

be obtained directly at this level from the corresponding psetatic responseR, u,) curve

using the gravity loadR,) apportioned to the sediructure under consideration. There is also
merit in determining the lowdevel pseudestatic response curves, even if the dbods of
model reduction are not fulfilled for such levels, and assessment has to be underiken at
higher level of idealisatiarThis is particularly usefuh simplified modelling where the high

level response is assembled from the loleeel response as discussed for example in
Sections3.2.2 and 3.2.3 in which casethe pseudestatic response may be assembled

identically to the nonlinear static responseyesfied in Appendix B.

Of coursethe determination of the pseuditatic response at the assessment level from the
assembled nonlinear static response is more efficient than its assembly from thegpageido
responses at the lowdvels, since it avoids applyingl4) or the related algorithm in
Appendix A for all the loweievel subsystems However, the latter approach is still
beneficial in that it sbds light on the relative pseudtatic contributions from the lowdevel

subsystemsand it facilitatest he consi deration of owhat i f O

idealisation while readily accounting for the sudden nature of applied loading.

5. DUCTILI TY ASSESSMENT

This is the final stage of assessment where the maximum dynamic displacejeabder
the appliedgravity loading(P = R) is compared to theluctility limit (u;) to esablish the
limit state. Alternaively, the limit state may be established by comparfgo thepseude
static capacity R ), defined as the maximuwalue of P for which the resuihg uy is lessor
equal tou;. It is noted thatPR, typically corresponds tau; on the pseudstatic response

curve unless thigesponseas characterised bgofteningsuch as de to compressive arching

In determining the ductility limitthe variation of connection deformation demands wigh
is considered, andi; is established as the minimum valuewyf for which the deformation
demand exceeds the supply in any of the connectldfen the response at theystem

assessmentlevel is obtained from simplified assembly of lowevel models the

14



displacements of the stdystems can be tigmined fromuy using therelevantcompatibility
conditions.The connection deformations are then determineah the displacementst the
lowest level of considered stgdystem, whether represented by detailed beam/floor models or
by simplified beam mode)ss described in Sectio3sl and3.2.1respectively Typically for

the former detailed models, the correlation between connection deformations asystsub
displacemerst is obtained from the numerical simulation of the nonlinear static response,
whereas for the latter simplified models such correlation may be analytical. In any case, it is
important thatboth rotationaland axial connection deformations are consideriae latter

being especially significant in the presence of sufficient axial restraint leading to catenary

action.

Once the connection deformations have been established, these can be transformed into
ductility demands in various components of the connectidnich can ths be compared to
ductility supply, as demonstrated for a range of connection types in the companidfi.paper

is noted that there isurrentlya shortage of data on connection ductility supmgpecially in
relation to the combined influence of rotational and axial connection deformations, and more
so for connections that are nobnsideredwithin the context ofseismic design. Available
resources, both codified and researelated, are highlighted in the cpamion papéf for

simple and partiastrength connections, though there is still a considerable need for extensive
experimental work to determine the ductility supply of various connedtipas under
general deformation coitns. The assessmentramework proposed herecould readily
employ such accurate data connection ductility supplgs and when it becomes available,
thus providing the means for evaluating with more certainty the floor failure limit state and,

accordingdy, the potential for progressive collapse.

The systemlimit stateis definedaboveby the failure of a single connectiamith the ductility
demand exceeding the ductility supply in one or more of the connection compdnehts.
more general case, whetige failure of a relatively nomuctile connectiormay notlead to

systemfailure, such as when the systdmas sufficient residual redundancy and ductilibhe t
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limit state may be revaluated for the system excluding the failed connection and any

affectal subsystemdeyond the associated ductility limit

6. MEASURES OF ROBUSTNESS

Adequate tying force capacityhas longbeenadoptedn design coddd and considered as a
means of enhancing, if noteasuring, structural robustne§3ther factors, such as i) energy
absorption capacity (or toughness), ii) ductility supply, and iii) redundancy (or alternate load
paths), havalsobeen considered @&sdicatorsof structural robustness. However, the absenc

of a coherent systeievel assessmeritamework that accounts for such factors has kept the

debate regarding structural robustness in the realm of generalities.

The proposed mulievel framework provides for the first time the means for assessing the
robustness of building structures, considering in this instance sudden colunscdossios

This intuitive framework deals with lorgtanding questions on the significance of energy
absorption, ductility and redundancy as indicators of structural robasted considers the

interaction between such factors at the system andysibm levels.

Commonly advocated measures of robustrags considered hereaftezulminating in the

proposal of a singlall-encompassingneasure that is applicalite sudden calmn loss.

6.1. Energy Absorption Capacity

The energy absorption capacity of vehicles is commonly considered as a principal measure of
their crashworthinessThe ideaof energy absorption capacity as a measure of building
robustnesss therefore attractive, but it suffers from a fundamentdlaw in that energy

demands not only a function of the event but also of the structural response.

According toSection4, the energy absbed bya building structure under sudden column
loss is proportional toits pseudestatic resistance and dynamic displacem&vhen the
pseudestatic resistance is monotonically increasiith displacement, the energy absorption

capacity is obtained from the pseustaticcapacityandthe ductility limit as

U= & 4 (15
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As illustrated in Fig. 10it is clear thatdifferent pseudestatic responses with an identical
energy absorptionapacityare not equally adequate to resist the same suddenly applied load
(R,). Therefore the energy absorption capacity cannot be used as a single measure of
structural robustnessvhether forsudden column loss scenarimsother scenarios associated

with gravity-inducedlimit states

The generally acknowleag benefit of increased energy absorption still applies for structures
subject to sudden column logwovidedthis is accompaniedby an increased pseucbatic
capacity Considering thgoseudestatic softening responge Fig. 11, which could be due to
compressive arching actionan increasedductility limit for the depicted range of
displacemenbeyond u, , leads to an increased energy absorption capabity not to an
increased pseudstatic capacity, and is therefore not benefitoa robustness undesudden

column loss scenarios.

6.2. Redundancy

Redundancy, or alternative load pathsa characteristic that is often advocatedaseficial

for structural robustnesSuchbenefis areguaranteedn conventionaktrengthbasedplastic
design,where theplastic strength of componenis typically achieved at relatively small
displacementsHowever, the same benefits cannot be guaranteed in progressive collapse
assessmenivherereliance is placedn the ultimatestrength which is difficult to achieve

simultaneouslyor all components before a ductility limit is reached.

The above point is illustrated in Fig. 12 with reference to determinant and redundant floor
system configurations, the former consisting of two uncoupled beams, whil&attbe
incorporaes redundancy from aigid transverse beam with a pinned joiiithen the outer
beam has significant pseudtatic capacity in the determinant configuration, the introduced
redundancy improves the system psestitic capacity (Figl2a) n a manner similar to
conventional strengtbased plastic design. On the other hawthen the outer beam is
already at or close to its pseudtatic capacity, the same redundancy reduces the system
pseudestatic capacity (Fig. 12b), since the inner beam a@aly realisea fraction ofits

pseudestatic capacityt failure of the outer beam.
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6.3. Ductility Supply

As discussed previously, improved ductility supply festaicturalsystem subject to sudden
loading is only beneficial if itncreases thpseudestaticresistance, with the system ductility
supplytypically determinedoy a critical component according to deformation compatibility.
While on the system level theseudestatic capacitghould be maximisedven at the cost of
reducedsystemductility, this dojective should not be generalised to the-syftem levels
particularly for redundant systenighis is becausthe ductility ofa critical subsystemplays

a paramount role in realising tbeerallsystem pseudstatic capacity

In designing a subystemcomponent which forms part of a redundant system, a useful
parameter is theptimal ductilityof the subsystemwhich isdefined as the ductility demand
on the suksystem at the point of realising the maximum contribution tcsjistempseude
static capaity from the remaimg subsystems, accounting for their ductility suppdy.sub
system is critical if its ductility supply is less or equal to its optimal ductilityvhich case it
determines the ductility supply of the overall syst&inen considerin@ critical subsystem,

an improved system pseudtatic capacity can be achieved by increasing thesgsiem
pseudestatic capacity and/or ductility supplyror a norcritical subsystem the system
pseudestatic capacity can be improved by increasingpdeudestatic resistancef the sub
systemat its optimal ductility demandbut simply varying the subsystem ductilitysupply

above theoptimal ductility has no influence.

Some of the above points are illustrated with reference to the redundant dliltageystem

of Fig. 12, whereconsideration is given tthe design of the transverse beam connection,
previously assumed to be pinnatthen the influence of redundancy is positive (Fig. 12a),
further improvement of the system psetsglatic capacity can kechieved by maximising the
pseudestatic resistanceof the connectionat its optimal ductility, determinedrom the
demand at the depicted maximum deformed configuration. If the ductility supply of the
connection is less than its optimal ductility, it bewes the critical component, and the overall
system pseudstatic capacity may beeduced below the value of the original pinned gase

the connection pseuekiatic capacity is relatively smalSimilar criteria apply when the
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influence of redundancy isegative (Fig. 12b), though consideration may be given in this
case to selecting a connection such that its psetadic resistance more than compensates

for the negative influence of redundantfythis is not possible, and the pseustatic capacity

of the uncoupled beams is adequate for the applied loading, the connection may be designed
as afuse enabling the early disconnection of the transverse beam from its support. In this
case, the connection ductility supply would have to be much less thartimsbguctility,

such a case offering a clear exampleaof arrangement for whicimcreased component

ductility may in fact be detrimental.

6.4. Proposed Measure of Robustness

In the light of the above discussioit, is evident thatcommonly advocated indica®mre
inadequateon their own asneasures of structural robustness, particularly saticef these
can have positive as well as negative influences. For sudden columsc@ssios it is
proposed thathe singlemeasure of structural robustnesshis system pseudstatic capacity
(R ), the comparison of which against the applied gravity loadqiRg) establishes the
required limit stateThe multilevel approach proposed in this work offers the first ceie
framework for determining th system pseudstatic capacity, accounting foine resistance,
ductility supplyand energy absorption capadaiti/the various swsystemsand dealing with

redundancy and the interaction of such-systems within the ovall structural system.

7. CONCLUSION

This paper proposes a mditivel framework for progressive collapse assessment of building
structures subject to sudden column loss, which benefits from practical applicahdity
moves the debate surrounding structucddustness towards the quantifiabldne proposed
methodcan accommodate simplified as well as detailed models of the nonlinear structural
response, where detailed and simplified modelling approaches may even be combined to
provide the most effective reggentatiorfor the consideredevel of structural idealisation.

The proposedissessment framework employs three stagamely i) determination of the
nonlinear static response, ii) simplified dynamic assessment, and iii) ductility assessment,

which arediscussed in detail.
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Benefiting from the conceptual clarity of the new framework, it is shown that previously
advocated indicators, includirtge energy absorption capacity, redundancy and ductility, are
not individually suitable as measures of structurddustnessHowever,the systempseude
static capacityencompassinghe three aforementioned indicatoisidentified asa new and

rational measure of building robustnesglersudden column loss scenarios

The proposedramework offers a rational systelevel approach for assessing the potential of
a building structure to collapse under sudden column loss,cardin due course replace the
6tying forceéthebequi oementmembad removal é prov

in current design codes.

The @mpanion papedemonstrates the application of the proposed progressive collapse
assessment framework to sté@med composite buildings with simple/parsatength
connections, making in the process important conclusions relating to the inhdnesthess

of such structures, the factors influencing this robustness, and the adequacy of current

regulations for the avoidance of disproportionate collapse.

8. ACKNOWLEDGMENT

The authors would like to acknowledge the financial support provided for this kyork
ARUP and EPSRC under a Case award scheme. The significant input into this project of
several ARUP staff, especially Faith Wainwright, Mike Banfi and Michael Willford, is also

gratefully acknowledged.

2C



9. REFERENCES

1. Office of the Deputy Prime Minister (20P4The Building Regulations 2000, Part A,
Schedule 1: A3, Disproportionate Collapg®ndon, UK.

2. British Standards Institution (2001BS 5950: Structural Use of Steelwork in Buildings,

Part 1: Code of Practice for DesignRolled and Welded Sectignondon, UK.

3. Ove Arup & Partners Ltd (2003A Scoping Study The Building Regulations: Post
September 110ffice of the Deputy Prime Minister, London, U.K.

4. Vlassis A.G., Izzuddin, B.A., Elghazouli, A.Y., and Nethercot, D(200§ , A Pr ogr ess
Collapse of Milti-Storey Buildings due to Sudden Column LosB a r t [ I Applic
(Companion Paper)

5. General Services Administration (200Fyogressive Collapse Analysis and Design
Guidelines for New Federal Office Buildings and Major Modernization Pragjects
Washngton, DCUSA.

6. Department of Defense (2003)nified Facilities Criteria, Design of Buildings to Resist
Progressive Collaps&l)FC 402303, Washington, DCUSA.

7. Marchand, K.A., and Alfawakhiri, K20049,i Bl ast and Pr oBactefersi ve C
SteelBuildings No. 2, AISC, USA

8. Ellingwood, B.R., Smilowitz, R.Dusenbery, D.O., Duthinh, D., Lew, H.S., and Carino,

N.J. (2007), fBest Practices for Reducing the Potential for Progressive Collapse in
Buildingsd National Institute of Standards and TechrgyoNISTIR 7396,USA.

9. Biggs, J.M. (1964), Introduction to Structural Dynamics, McGraw Hill.

10.1 zzuddi n, B. A. (2005) , AA Simplified Model
Extr eme Interaationat Ipurnal of Steel Structuregol. 5, pp. 421429.

11.1 zzuddi n, B. A. , and Elnashai, A.-SPartl 1993) ,
Distributed PI Strsctuiesand BuildidAgiPmeeedmgs bfdhe Institution
of Civil Engineers, Vol. 99, pp. 31326.

12. European Committee for Standardizat{@005),EN 19931-8:2003,Eurocode 3: Design

of Steel StructuresPart 1-8: Design of JointsBrussels.

21



131 zzuddi n, B. A., Tao, X. Y., and El ghazoul i

Composite and Reinforced Concrete Floor Slabs under Extreme Lodéany. :
Anal yt i c alJourndleof Stractli@l, EngineeringASCE, Vol. 130, No. 12, pp.
19721984.

141 zzuddi n, B. A. ( 20 0-B9lumn d@ndl Shele Glemertsi iw hargeo f
Di spl acement StProgeedingsroathe Infematibngl Symposion New
Perspectives for Shell and Spatial StructutdSS-APCS 2003, Taipei, Taiwan.

15.FABIG, Technical Note 7 (2002An Improved SDOF Model for Steel Members Subject
to Explosion Loadingi Generalised Supports and Catenary Actiohhe Steel
Constructia Institute.

16.FABIG, Technical Notdl0(2007). An Advanced SDOF Model for Steel Members Subject
to Explosion Loading Material Rate SensitivityThe Steel Construction Institute.

17.1zzuddin, B.A. (2004)Ductility Assessment for an Idealized ElaBiastic Sructural
System Subject to an Instantaneous Applied Liméernal discussion document, Imperial
College London, U.K.

18.Vlassis, A.G. (2007), Progressive Collapse Assessment of Tall Buildifgj®D Thesis,

Imperial College London, U.K..

22

Be



APPENDIX A: PSEUDO-STATIC RESPONSE

Assuming a nonlinear static response defimederms ofa (P,u) curve, the following
algorithm can be used to construct the psestdtic responseR,u,) curve and to establish
the dynamiaisplacementorresponding téull suddenlyapplied gravity loadingR = R). In
this algorithm, and with reference to Fig. 9,,, refers to the suddenly applied load
(I min Po), while By .\, refers to theamplified statidoad ( 4 .\, P,), with m and rindicating
the start and end of the current increment, respectively.

1. Initialise: By , =R, =C Uy, =0, A, =0;

choosea small displacemenhcrementDuy
2. Setuy,=Ug, *+ W

3.  DetermineR, | corresponding tai , from nonlinear static respons® (L) cune;

obtain currentirea under theR, u,) curve: A, =A 4(Pd’m FPd’n) up 2

4. Determine current pseusatic load:R, = A, /uy ,;

establish Bw point (B, ,, ,,) on pseudestatic responseH, y;) curve

5. If(R, <R ¢R),obtain andutput dynamic displacement correspondind’fo
Uy =Ugm HUgn Ham)(Po Bu)/(R R;

6. If more pointsare requiredor pseudestatic response curve:

m n?

update Pim=Fin Pn =R Ugm =Ugn A=A

repeat from step 2.
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APPENDIX B: SIMPLIFI ED PSEUDO-STATIC ASSEMBLY

Consider the general form of assembling the system nonlinear static resistance from that of

lower-level subsystemsaccording to:

a a (16)

QJ|H

where P and? are respectively dependent ap and ug; that are related by:
us,i = pus (17)

The pseudsstatic resistance for the system is obtained accordintdipléading to:

ud,n

1 Ud,n
P = fj Pdy —a 3; b fj du (18
udn 0 i udn 0

The integral for each sutystem(i) can be expressed over the corresponding displacement

as:
Ud.n biug n Ud n,i
1 1 1
AR dy = i dby) = PRy # (19)
Uin o biugn o dni o

Therefore, considergn (18) and (19), the pseudsestatic responses at the system and- sub

system levels are identically related to the static response:
P - _a a n| (20)

where B, and R, ; are respectively dependent o, and uy ,; that are also related by the

same compatibility conditions used for assembling the static response:

Ugni = PUgp (21)
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Figure 1. Multistorey building subject to sudden column loss

Figure 2. Sukstructural levels for progressive collapse assessment

Figure 3.Sudden column removal modelled using amplified static loading

Figure 4.Characteristic nonlinear statiesponse

Figure 5. Simplified beam model with tensile catenary action (Izzuddin, 2005)
Figure 6. Simplified beam model with compressive arching and tensile catenary actions
Figure 7. Grillage approximation of a flosystemwith three beams

Figure 8. Simpfied model for multiple floor system consisting of three floors

Figure 9. Simplified dynamic assessment and definition of psstadic response

Figure 10. Different pseudstatic responses with identical energy absorption capacity
Figure 11. Significancef increased energy absorption capacity

Figure 12. Influences of redundancy in progressive collapse assessment
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Figure 1. Multi-storey building subject to sudden column loss

Izzuddinet al: Progressive Collapse of Mulitorey Buildingse 1 Part |



*¢  Sudden column loss
#Wh- - Translational/rotational springs

e

(d)

Figure 2. Substructural levels for progressive collapse assessment
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(a) Sudden column loss (b) Maximum dynamic response  (c) Amplified static loading

Figure 3. Sudden column removal modelled using amplified static loading
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Figure 5. Simplified beam model with tensile catenary action (Izzuddin, 2005)
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Figure 6. Simplified beam model with compressive arching and tensile catenary actions
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U, = o3 Pydu,

Individual beam modes

Figure 7. Grillage approximation of a floor system with three beams
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Figure 8. Simplified model for multiple floor system consisting of three floors
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Figure 9. Simplified dynamic assessment and definition of pseuestatic response
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Figure 10. Different pseudestatic responses with identical energy absorption capacity
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Figure 11. Significance of increased energy absorption capacity
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Figure 12. Influences of redundancy in progressive collapse assessment
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